Objective: Little is known of the degree to which the colon salvages energy through starch fermentation in young children. Using a simulated colonic environment, we aimed to account for the fate of fermented raw and cooked starch in two groups of young children and in adults. Design: A slurry was prepared from faecal samples from six infants (7-10 months), six toddlers (16-21 months) and seven adults (24-56 y). Each slurry was anaerobically incubated with raw or cooked maize starch in MacCartney bottles in a shaking water bath. Parallel incubations were stopped at 4 and 24 h. The headspace gas volume was analysed for CO 2 and methane. The culture supernatant was analysed for short-chain fatty acids (SCFA), lactate and residual starch. Results: Different patterns of fermentation were seen at 4 and 24 h. For raw starch, the production of SCFA decreased with subject age at 4 h but not at 24 h. With both substrates at 4 h, toddler stools produced significantly more CO 2 than infants or adults, but there were no statistical differences at 24 h. Methane was detected in three adults only. Lactate was detected mainly at 4 h in children.
Introduction
The composition of the bacterial flora of the colon changes through infancy and childhood. Early colonisation is influenced by the type of milk feeds, with higher proportions of Bacteroides spp and facultative organisms found in the faeces of formula-fed infants and higher proportions of Bifidobacterium spp in the faeces of breast-fed infants (Bullen et al, 1977; Long & Swenson, 1977; Balmer & Wharton, 1989) . During weaning, in particular in the breast-fed infant (Stark & Lee, 1982) , there is a change in the colonic flora in association with the introduction of dietary complex carbohydrate. Higher proportions of Bacteroides spp are seen in older infants but they are still less prevalent than bifidobacteria, as distinct from the proportions seen in the adult colon (Guérin-Danan et al, 1997) . By adulthood there is a stable population of over 400 bacterial species (Moore et al, 1978) .
Colonic bacteria ferment nutrients which pass undigested from the small intestine into the large bowel. Fermentation products include the volatile short-chain fatty acids (SCFA), lactate and gases, including carbon dioxide, methane and hydrogen. The patterns of SCFA are attributed to the bacterial species present, but are also because of the composition of diet. Numerous dietary factors influence bacterial colonisation (Edwards, 1994) and thereby fermentation products. The faeces of breast-fed infants contain higher concentrations of lactic acid and lower concentrations of propionic and n-butyric acid than those of formulafed infants . Bacteroides spp and bifidobacteria have both been shown to be capable of fermenting some polysaccharides (Salyers & Leedle, 1983; Edwards & Rowland, 1992) . Starch is preferentially fermented to butyrate (Scheppach et al, 1988) . Hence with a changing diet throughout childhood, the fermentation patterns of the colonic flora also change. In young children, the capacity of the upper gut to digest and absorb starch has been shown to be less than that in adults by luminal measurement of pancreatic enzymes (Zoppi et al, 1972) , functional studies (Anderson et al, 1972) and stable isotope breath tests (Shulman et al, 1983) . Such studies are too invasive for routine use in children (Anderson et al, 1972; Zoppi et al, 1972) or rely on breath hydrogen measurements which have fundamental flaws (Modler et al, 1988; KhinMaung-U et al, 1992) . It would be very difficult to separate hydrogen produced from starch fermentation from that produced from nonabsorbed lactose or oligosaccharides in milk or from dietary fibre in weaning foods. It is possible that in young children the colon receives significant amounts of undigested or resistant starch and this may make a contribution to energy supply through oxidation of SCFA produced in the colon (Bond et al, 1980; Kien et al, 1987) .
Models based on stool incubation have been used previously to simulate fermentation in the colon (Edwards et al, 1996) . In vitro studies circumvent some of the problems encountered with in vivo studies: they are cheap, the collection of faeces is simple (if unpleasant) and retention of fermentation products within the system makes their measurement easier. However, the validity of in vitro models has been questioned on several counts: the degree to which faeces are representative of colonic flora has been debated (Fernandez et al, 1985; Drasar, 1988) ; the inaccessibility of the colon makes precise mimicking of its conditions very difficult (Edwards & Rowland, 1992) , but more importantly, removal of faeces from the colon inevitably changes bacterial composition and metabolic activity; because fermentation products are not absorbed, and their accumulation in the incubation chamber can itself be bacteriostatic.
Continuous and semicontinuous culture models ameliorate some of these limitations (Edwards & Parrett, 1999) , but at the cost of complex and expensive systems.
In this study, using stool as a model for colonic composition, we aimed to quantify the fermentation patterns and products of a raw and cooked starch at different ages and to account for the fate of the starch carbon within the fermentation products.
Subjects
In all, 19 healthy subjects were studied: six infants (two male) median age 9 months (range 7-10 months), six toddlers (three male), median age 19 months (range 16-21 months) and seven adults (three male), median age 29 y (range 24-56 y). Adults were recruited from the staff of the Yorkhill hospitals. The children and infants were recruited from friends and relatives of the staff of Yorkhill Hospitals. Ethical approval was granted by the Yorkhill Ethics Committee. An information sheet was given to all parents and prior written consent was obtained. All infants and children had been exclusively breast fed for at least 3 months. No subject had taken antibiotics for at least 2 months prior to the study. Stool samples were collected and processed within 2 h of passage.
In vitro model A 5% faecal slurry was prepared by homogenising a weighed faecal sample with phosphate buffer at pH 7. A 5 ml volume of this slurry was pipetted in parallel into 30 ml McCartney bottles which contained 25 mg of cooked or raw maize starch, or no carbohydrate to allow for measurement of fermentation of endogenous carbohydrate. The raw maize starch was a standard laboratory substrate (Corn starch, Sigma). The cooked starch was prepared by boiling a solution of raw starch for 10 min and then freeze-dried to constant weight. The incubation method was based on previously validated methods (Edwards et al, 1996) . The relative amounts of slurry and starch were determined from pilot studies in which different proportions of slurry and maize starch were incubated for 24 h and then plated out under aerobic and anaerobic conditions. The plate which contained the greatest ratio of anaerobes to aerobes was considered to be that which most closely mimicked conditions in vivo.
Before incubation, each bottle was flushed with oxygenfree nitrogen to initiate anaerobic conditions. These were maintained by the addition of a cysteine hydrochloridesodium sulphide reducing solution to the slurry (cysteine hydrochloride 0.3 mg/ml, sodium sulphide 0.3 mg/ml, sodium hydroxide 1.9 mmol/ml). The samples were incubated in a shaking water bath at 371 and 60 strokes/min, aiming to simulate the conditions in the colonic lumen. At 4 and 24 h, parallel incubations were stopped and the contents were analysed.
Measurement of fermentation products
The volume of the headspace gas was measured using a syringe as a manometer. Samples of gas were diluted with oxygen-free nitrogen and then analysed for concentrations of carbon dioxide (Servomex, Crowborough, UK) and methane (continuous flow isotope ratio mass spectrometry). The slurry was frozen and at a later date thawed and sampled to measure SCFA and lactate content by gas liquid chromatography (GLC) of acidified ether extracts (Spiller et al, 1980) . The remainder of the slurry was then used to measure the residual starch content using a method based on that first described by Englyst et al (Englyst & Cummings, 1987; Edwards et al, 1996) .
After dispersion of the starch, a sample was taken for combustion analysis to measure the bacterial cell mass. This was first neutralised with concentrated sulphuric acid, then pippetted into 100 ml aliquots in tin boats. After drying, the samples were combusted and the carbon content was determined by continuous flow isotope ratio mass spectrometry (CF-IRMS) (Prosser et al, 1991) .
Expression of results and statistical methods
The amount of each fermentation product was corrected for fermentation of endogenous substrate by subtraction of the values from the no carbohydrate control cultures. The results were then expressed both as absolute concentrations and as percentage dose recovered (PDR). This is the percentage of carbon within the original starch substrate that was recovered in each fermentation product. The data did not conform to a normal distribution and therefore statistically significant differences between groups were determined nonparametrically, using the Wilcoxon rank sum test in its paired and nonpaired forms as appropriate to the data and results were expressed as median and range.
Results
The concentrations of the main fermentation products for each age group are shown in Table 1 . In Figure 1 , means of the fermentation products for each age group and each substrate are shown as PDRs.
At 4 h, the stools of toddlers produced significantly (Po0.05) more CO 2 than the stools of adults and the stools of infants. By 24 h, the differences were not statistically significant.
At 4 h, the highest concentrations of SCFA were found in infant stools. There was a pattern of decreasing SCFA production with increasing age. The difference was significant (Po0.05) between the stools of toddlers and adults for raw starch. Between the stools of infants and toddlers for raw starch, and for all groups for cooked starch the differences did not reach statistical significance. At 24 h, the pattern had changed with most SCFA produced by the stools of infants, followed by adults and finally by toddlers. The differences however did not reach statistical significance.
Lactate was seen mainly at 4 h. There was significantly (Po0.05) less lactate production with increasing age of subject for raw starch, but no significant differences for cooked starch. The stool of one infant produced unaccountably large concentrations of lactate even in the corresponding no carbohydrate MacCartney tube. All her data were omitted from the analysis.
The residual starch results were more variable (Table 1) . However, they do support those for SCFA, in that for adults, little fermentation took place in the first 4 h. For one infant there was one measurement that was above the analytical range for cooked starch at 4 h. This made the value obtained unreliable and so this individual result was left out of the analysis.
The confidence intervals for the biomass results were too large to permit the drawing of any conclusions. We would have expected a reciprocal relation with the residual starch results, and this was broadly seen for the infants' stool results. At 4 h, methane was detected from one adult stool only, accounting for o1% PDR. At 24 h it was detectable from three adult stool cultures with a maximum PDR of 2%. 
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MT Christian et al SCFA accounted for more of the original starch substrate than any other fermentation product with a PDR ranging up to 65%. CO 2 accounted for up to 18% of the starch carbon. The summed PDR for all fermentation products calculated for each individual subject varied from 25 to 103%.
The differences in the proportions of SCFA and lactate produced from the fermentation of cooked maize starch are shown in Figure 2 . At 4 h, the highest proportions of acetate were found in the fermentations by the stools of infants and the lowest proportions of acetate were produced by adult stools. By 24 h, the proportions were similar. Butyrate and valerate were seen in measurable amounts only in adult stools. In contrast at 4 h, lactate accounted for up to 22% of the total PDR in infants, but little in adults. At 24 h it was hardly seen in any age group.
Despite expectations that cooked starch would be better fermented than raw starch, there were few significant differences. Adult stools produced significantly (Po0.05) more H 2 at 4 h with cooked starch as a substrate, while at 24 h they in fact produced significantly less SCFA and CO 2 .
Discussion
We have shown that human faeces from infants, toddlers and adults can ferment raw and cooked maize starch. We have measured each of the main fermentation end products and expressed the results as a percentage dose recovered (PDR) of the original starch substrate. There were differences in the fermentation patterns of these three age groups: the most abundant fermentation products were SCFA but a considerable amount was also in the form of CO 2 . We detected only small concentrations of methane and demonstrated intermediary production of lactate by the stools of infants and toddlers but not of adults.
Others have studied carbohydrate fermentation by the colonic flora of infants and young children. Parrett et al (1997) studied the development of fermentation of a complex carbohydrate, guar gum, through weaning and demonstrated that it was still slow compared to glucose in late weaning (416 weeks after the start of weaning).
Compared to values of SCFA production for adult fermentation of complex carbohydrate, the capacity of children in late weaning was still less. In comparison to adults, our data show a more rapid fermentation of starch in infants and toddlers at 4 h. This suggests that fermentation is a more rapid process in the colons of young children than of adults. Our group of infants was of similar age to Parrett et al's (1997) late weaning group. Differences may be explained by the presence of maize starch in the diet in greater concentrations than guar gum, which would result in proportionally more maize starch passing undigested into the colon. The subsequent adaptive changes in bacterial flora could then result in greater fermentation of maize starch.
Stoichiometry considers the products of a metabolic process in relation to the starting substrate. It is the calculation of the numerical relation between the molecular species entering a chemical reaction and the amount and type of molecules produced. Where such a plethora of complex and interdependent reactions are taking place, it is based on several assumptions and a more appropriate term might be mass balance. Such equations for carbohydrate have been derived for adult humans and ruminant animals from assumptions about the products of fermentation and based on known proportions of SCFA in faeces and known production of carbon dioxide and methane (Miller & Wolin, 1979; Livesey, 1990) . From these, the energy derived from fermentation reactions can be calculated, as for example: 34:5C 6 H 12 O 6 ! 48acetate þ 11propionate þ 5butyrate þ 23:75CH 4 þ 34:25CO 2 þ 10:5H 2 O Miller and Wolin (1979) suggested that further information was necessary to verify the equation for humans and also to consider how it was affected by variables such as age and diet. We were able to produce stoichiometric equations to compare our calculated data with Miller and Wolin's derived equations (Miller & Wolin, 1979) We found less methane, which may be an artifactual result because of slow development of methanogens or increased partial pressure of hydrogen needed before methane can be produced. In addition, methanogenic bacteria may not have been predominant in the infant stool cultures. We also found lower amounts of acetate and propionate in all age groups. These findings may be related to our poorly summed PDRs which are difficult to explain. Certainly, they are higher in infants with the addition of lactate to the equation. It is possible that in adult stool fermentations there is another intermediary product, such as pyruvate or succinate (Miller & Wolin, 1979 ) that has not been measured. The assay for residual starch requires meticulous attention to detail and the wide variation of results limits the conclusions that can be drawn from the residual starch results in isolation. However, the results for both residual starch and biomass broadly mirror those for the gases and SCFA where there is greater confidence in reproducibility. The concept of PDR is usually associated with stable isotope breath tests, where it expresses the yield of expired 13 CO 2 in relation to the 13 C enrichment of the original substrate (Weaver et al, 1993) . We have chosen to express our results as PDR because this provides more information than absolute measurements of products by measuring them in reference to the initial fermentation substrate and quantifies the fate of the starch carbon substrate. Cummings et al (1987) calculated molar ratios for the main SCFA, acetate:propionate:butyrate from colonic SCFA concentrations in the colons of victims of sudden death. They calculated the molar ratio for the whole colon as 57:22:21. While our methodology was different, our own molar ratios for infants (73:15:12), toddlers (63:16:21) and adults (68:13:18) calculated from the data for cooked starch at 24 h were broadly in agreement with their findings. Comparing the figures for the three age groups suggests that in infancy there is proportionately more acetate and that the adult-type pattern of proportionately increased butyrate is established from an early age. Lactate is an intermediary product and is not therefore seen in the infant molar ratios at 24 h.
We chose raw and cooked starch as substrates in this model of a rapidly digestible and resistant starch (Englyst & Kingman, 1990) . Since in young children the luminal concentrations of pancreatic a-amylase are lower than in adults (Zoppi et al, 1972) , the proportion of starch passing into the colon is likely to be greater and using a model, resistant starch may give more information about the conditions in vivo. It was surprising to note a lack of significant differences between raw and cooked starch as substrates and an occasional finding of significantly better fermentation from a raw starch substrate. Alternative starches in raw and cooked forms such as potato starch might have demonstrated a difference. It is also important to note that the power of the significant results is limited by the number of parameters for a small sample size.
Fermentation products were measured at 4 and 24 h to determine the rate of fermentation. In general, the stools of infants and toddlers produced more SCFA at 4 h but by 24 h the difference was less evident, suggesting that the stools of young children were able to ferment starch more quickly than the stools of adults. These differences were not mirrored by differences in CO 2 production. It is possible that this may relate to differing fermentation patterns, and we speculate that less early acetogenesis and synthesis of higher order SCFA occurs by the colonic flora of young children than those adults.
Calculation of human colonic stoichiometric equations paves the way to calculate recovery of carbohydrate energy by the colon. In adult humans, the colonic salvage of energy is estimated to be around 2 kcal/g of nonabsorbable carbohydrate (Livesey, 1990) or a contribution of 5-10% of energy requirements (Cummings, 1981; McNeil, 1984) . Kien et al (1992) estimated that 24-74% of lactose may be converted into acetate in preterm infants with a potential 30% loss in ATP (Kien, 1996) . However, there are sparse data to quantify the colonic salvage of starch-derived energy in young children. Our data used in combination with data for upper-gut starch digestion might give useful information about colonic salvage of energy in young children.
The finding that the faecal flora of young children was more efficient at fermenting starch, particularly less fermentable raw starch, fits with existing ideas about the potential for energy salvage by the colon in early life (Christian et al, 1999) . We speculate that a highly efficient fermentative process takes place in the colons of young children who are well-established on weaning foods, and that this leads to a significant potential for energy salvage, when the digestive capacity of the small intestine is less fully developed.
